INTRODUCTION {#s1}
============

The placenta, an essential organ for fetal growth and development, contains a wide range of bioactive peptides and proteins. The authors of past studies have found that placental extracts contain uracil, tyrosine, phenylalanine, and tryptophan, which demonstrate strong anti-oxidative and anti-inflammatory activities \[[@RRS105C1]--[@RRS105C4]\]. Therefore, placental extracts prepared through various methods have been commercially used as cosmetics, health supplements, and wound-healing salves \[[@RRS105C5], [@RRS105C6]\], particularly in many Asian countries. Furthermore, placental extracts have been experimentally and clinically investigated for the treatment of inflammatory diseases and other disorders, including cartilage degradation, chronic pain, ischemic brain injury, and liver damage \[[@RRS105C7]--[@RRS105C13]\].

Ionizing radiation, such as γ-rays, can directly induce DNA double-strand breaks and cause injury to cells \[[@RRS105C14]\]. Additionally, ionizing radiation is known to ionize water molecules, which results primarily in the generation of the hydroxyl radical, the most toxic form of reactive oxygen species (ROS). These ROS can oxidize biomolecules, including proteins, lipids and DNA, which indirectly contribute to radiation injury \[[@RRS105C15], [@RRS105C16]\]. Previous studies have demonstrated that radiation injury can be attenuated by the administration of antioxidants \[[@RRS105C17]--[@RRS105C20]\]. Amifostine, an organic thiophosphate prodrug that potently scavenges free radicals, has been approved as a cytoprotective adjuvant for patients receiving radiotherapy \[[@RRS105C21]\]. Considering the anti-oxidative and anti-inflammatory activities of placental extracts, it is plausible that placental extracts can also effectively protect from radiation injury. In fact, it has been previously demonstrated that the oral administration of placental extracts significantly improved the survival of mice exposed to high-dose irradiation \[[@RRS105C22]\]. Furthermore, placental extracts have also been reported to effectively attenuate radiation-induced oral mucositis and acute radiodermatitis in patients \[[@RRS105C23], [@RRS105C24]\]. However, the efficacy of placental extracts against radiation injury has been poorly documented, and the relevant mechanism of action has not been fully understood.

In this study, we orally administered a placental extract to mice after exposure to γ-ray radiation and then examined the protective effect and relevant mechanisms of action of the placental extract against radiation injury with a focus on the bone marrow-derived stem/progenitor cells.

MATERIALS AND METHODS {#s2}
=====================

Animals, γ-ray radiation, and oral administration of placental extracts {#s2a}
-----------------------------------------------------------------------

We used 12-week-old male C57BL/6 mice (SLC, Japan) for this study. All of the experiments were approved by the Institutional Animal Care and Use Committee of Nagasaki University, and the animal procedures were performed in accordance with institutional and national guidelines.

Animals were exposed to 1 Gy γ-ray with a ^137^Cs source at a dose rate of 0.86 Gy/min with a PS-3100SB γ-ray irradiation system (Pony Industry Co. Ltd, Osaka, Japan) every day for 5 days. Porcine placental extract (kindly provided by Snowden Co. Ltd, Tokyo, Japan) was given orally soon after each exposure (1 mg in 0.2 ml dH~2~O/mouse/day; Placenta group, *n*= 6). Mice that received oral dH~2~O alone were used as a placebo control (Control group, *n*= 6). Mice were euthanized 2 days after the end of treatments for the following experiments.

Measurement of nucleated cells and stem/progenitor cells in peripheral blood {#s2b}
----------------------------------------------------------------------------

We collected peripheral blood with heparinization. The numbers of nucleated cells in peripheral blood were counted with a Nucleocounter cell counter (Chemotetec A/S, Denmark). Plasma was collected and stored at --80°C for the measurement of 8-OHdG, IL-6 and TNF-α.

To measure the c-kit-positive (c-kit^+^) and CD34-positive (CD34^+^) stem/progenitor cells in peripheral blood, we isolated the nucleated cells by density gradient centrifugation and then labeled cells with PE-conjugated anti-mouse c-kit antibody (eBioscience) or FITC-conjugated anti-mouse CD34 antibody (BD Bioscience) for 45 min. After washing, quantitative flow cytometry analysis was performed using a FACSCalibur (Becton Dickinson) \[[@RRS105C25]\].

Measurement of mononuclear cells and stem/progenitor cells in bone marrow {#s2c}
-------------------------------------------------------------------------

Bone marrow cells were collected from the femur and tibia, and mononuclear cells were isolated by density gradient centrifugation \[[@RRS105C25]\]. The total cells collected from each mouse were counted with the Nucleocounter cell counter.

To measure the c-kit^+^and CD34^+^stem/progenitor cells, the isolated mononuclear cells were labeled with PE-conjugated anti-mouse c-kit antibody or FITC-conjugated anti-mouse CD34 antibody (BD Bioscience) for 45 min. After washing, quantitative flow cytometry analysis was performed using a FACSCalibur \[[@RRS105C25]\].

Colony forming assay {#s2d}
--------------------

The colony forming capacity of stem/progenitor cells from peripheral blood and bone marrow was estimated in mouse methylcellulose complete media, according to the manufacturer\'s instructions (R&D System). Briefly, 1 × 10^5^peripheral nucleated cells or 3 × 10^4^bone marrow mononuclear cells were mixed well in 1 ml media, plated in 3 cm diameter culture dishes, and then incubated at 37°C in a 5% CO~2~incubator. After 9 days (for bone marrow mononuclear cells) or 12 days (for peripheral blood nucleated cells), the formation of colonies was observed by microscopy, and the total number of colonies in each dish was counted. The mean numbers of colonies in duplicate assays were used for statistical analysis.

Immunocytochemistry {#s2e}
-------------------

To detect DNA damage, isolated bone marrow mononuclear cells were seeded on 4-well chamber culture slides (Nalge Nunc International) coated with 10 µg/ml fibronectin (Invitrogen) at a density of 2 × 10^6^cells/ml in IMDM 1640 medium supplemented with 10% fetal bovine serum (HyClone), 100 units/ml penicillin, and 100 µg/ml streptomycin (Gibco), and incubated at 37°C in 5% CO~2~. The cells were fixed in 1% formaldehyde for 10 min after 7 days of culture. After blocking with 2% bovine serum albumin, the cells were reacted with anti-mouse 53BP1 antibody (Abcam) and then with a FITC-conjugated secondary antibody. The nuclei were stained with Hoechst 33258. The numbers of cells with or without the formation of 53BP1-foci were counted under fluorescence microscopy with 200-fold magnification. At least 200 cells were counted, and the percentages of cells with the formation of 53BP1-foci were used for the statistical analysis.

Detection of intracellular and mitochondrial ROS {#s2f}
------------------------------------------------

To better understand the relevant mechanisms of radiation damage and protection, we estimated the intracellular ROS levels based on the oxidation of H~2~DCFDA to form the fluorescent compound 2\',7\'-dichlorofluorescein (DCF), as described previously \[[@RRS105C26]\]. Briefly, freshly isolated bone marrow mononuclear cells were incubated with 10 µM H~2~DCFDA at 37°C for 30 min. After the cells were washed with PBS, the fluorescence intensity in the cells was estimated with a FACSCalibur.

Similarly, the mitochondrial ROS was analyzed with the MitoSOX Red mitochondrial superoxide indicator, as described previously \[[@RRS105C27]\]. Briefly, freshly isolated bone marrow cells were incubated with 5 µM MitoSOX Red at 37°C for 30 min. After washing, the fluorescence intensity in the cells was estimated by using a FACSCalibur.

Measurements of 8-OHdG, TNF-α, and IL-6 levels in plasma and urine {#s2g}
------------------------------------------------------------------

We measured the concentration of 8-OHdG (8-oxo-2\'-deoxyguanosine) in the urine and plasma using an ELISA kit (Nikken SEIL Corporation, Shizuoka, Japan) according to the manufacturer\'s instructions. The concentrations of TNF-α and IL-6 in the plasma were measured with ELISA kits (R&D Systems) as described previously \[[@RRS105C28]\]. The mean values of duplicate assays of each experiment were used for statistical analysis.

Statistical analysis {#s2h}
--------------------

All results are presented as the mean ± SD. The statistical significance of a difference between two groups was determined using the 2-tailed unpaired *t*-test (Dr. SPSS II, Chicago, IL). Differences were considered significant when *P*\< 0.05.

RESULTS {#s3}
=======

Placental extract attenuated the radiation-induced decrease of peripheral blood nucleated cells and stem/progenitor cells {#s3a}
-------------------------------------------------------------------------------------------------------------------------

The number of nucleated cells in the peripheral blood decreased dramatically in the mice of the Control group (2.4 ± 0.7) × 10^5^/ml after irradiation to approximately 15% of the non-irradiated healthy mice (16.4 ± 4.2) × 10^5^/ml. The administration of placental extracts partially attenuated the radiation-induced decrease of nucleated cells in the peripheral blood (3.7 ± 1.3) × 10^5^/ml, *P*= 0.069 *vs*Control (Fig. [1](#RRS105F1){ref-type="fig"}A), although the nucleated cell count of the Placenta group was still very low in comparison with healthy mice. Furthermore, the administration of placental extract caused a trend toward an increase in the percentages of c-kit^+^and CD34^+^stem/progenitor cells in the peripheral blood after irradiation (*P*= 0.067 and 0.093 *vs*Control, respectively; Fig. [1](#RRS105F1){ref-type="fig"}B and C). Fig. 1.Numbers of nucleated cells and stem/progenitor cells in the peripheral blood of mice after treatments. Mice were exposed daily to 1 Gy of γ-ray ionizing radiation and were then given placental extract (Placenta group) or placebo treatment (Control group) for 5 days. The mice were euthanized 2 days after the end of treatments. The nucleated cells in the peripheral blood **(A)**were directly counted, and the CD34^+^**(B)**and c-kit^+^stem/progenitor cells **(C)**were measured by flow cytometry. All of these parameters showed a trend toward higher values in the Placenta group compared with the Control group. The data are presented as the mean ± SD for six mice from each group.

Placental extract attenuated radiation-induced damage of bone marrow stem/progenitor cells {#s3b}
------------------------------------------------------------------------------------------

Although all of the procedures of cell collection and isolation were performed in the same way, significantly fewer bone marrow mononuclear cells were collected from the mice that received placebo treatment than from the mice given placental extract (*P*\< 0.001, Fig. [2](#RRS105F2){ref-type="fig"}A). Furthermore, the percentages of CD34^+^and c-kit^+^stem/progenitor cells among freshly collected bone marrow mononuclear cells were also significantly lower in the mice of the Control group (0.33 ± 0.12% and 0.26 ± 0.03%, respectively) than in those of the Placenta group (0.87 ± 0.07% and 0.77 ± 0.09%; *P*\< 0.01 and 0.001, respectively; Fig. [2](#RRS105F2){ref-type="fig"}B and C). This finding indicated that the oral administration of placental extract significantly attenuated the radiation-induced decrease of stem/progenitor cells in the bone marrow. However, the percentage of c-kit^+^and CD34^+^stem/progenitor cells in the mice that received placental extract were still much lower than that of non-irradiated healthy mice (2.72 ± 0.38% and 4.28 ± 0.12%, respectively). Fig. 2.Numbers of mononuclear cells and stem/progenitor cells in bone marrow of mice after treatments. **(A)**Significantly fewer bone marrow mononuclear cells were collected and separated from mice that received placebo treatment than from those given placental extract. Compared to the Control group, the percentages of CD34^+^**(B)**and c-kit^+^**(C)**stem/progenitor cells among bone marrow mononuclear cells were significantly higher in the Placenta group as assessed by flow cytometry**.**The data represent the mean ± SD for six mice from each group.

By colony-forming assay, we found that the number of colonies formed from bone marrow mononuclear cells was significantly greater in the Placenta group than in the Control group (37.1 ± 3.3 *vs*20.3 ± 2.6, *P*\< 0.01; Fig. [3](#RRS105F3){ref-type="fig"}), although the number of colonies in both groups was approximately one-third that of the non-irradiated healthy mice (92.0 ± 8.6). Furthermore, we could not detect any colony formation within 12 days by seeding 1 × 10^5^peripheral nucleated cells from mice of the placebo- and placental extract-treated mice; however, approximately 15 colonies were formed from the same number of cells from the non-irradiated healthy mice. Fig. 3.Colony forming assay. Freshly isolated bone marrow mononuclear cells were cultured in methylcellulose complete medium, and colonies of different types **(A)**were observed under microscopy at 9 days after incubation. **(B)**Significantly more total colonies (\>50 cells) were formed from the cells of mice given placental extract than from those that received placebo treatment. The data represent the mean ± SD for six separate experiments with duplicated assays.

Placental extract reduced the DNA damage of bone marrow stem/progenitor cells {#s3c}
-----------------------------------------------------------------------------

We estimated the DNA damage of bone marrow stem/progenitor cells by detecting the formation of 53BP1 foci in the nuclei of cells with immunostaining. Quantitative analysis showed that the percentage of cells with nuclear 53BP1 foci was significantly lower in the Placenta group than in the Control group (25.8 ± 4.1 *vs*37.7 ± 4.9, *P*\< 0.05, Fig. [4](#RRS105F4){ref-type="fig"}). However, the percentage of cells with 53BP1 foci in the mice that received placental extract was much higher than that of the non-irradiated healthy mice (12.5 ± 5.1%). Fig. 4.DNA damage in bone marrow-derived stem/progenitor cells. Bone marrow cells from mice were cultured for 7 days, and the DNA damage in cells was estimated by immunostaining with anti-53BP1 antibody. **(A)**Representative image showing the formation of 53BP1 foci in the nuclei of some cells (arrowheads). **(B)**Quantitative analysis showing that the percentage of cells with 53BP1 foci was significantly lower in the Placenta group than in the Control group. The data represent the mean ± SD for six separate experiments.

Placental extract did not significantly change the levels of intracellular and mitochondrial ROS {#s3d}
------------------------------------------------------------------------------------------------

To further investigate the relevant mechanisms of placental extract radioprotection, we measured the levels of intracellular and mitochondrial ROS in bone marrow cells. As shown in Fig. [5](#RRS105F5){ref-type="fig"}, the intracellular ROS level was higher in cells from mice given placental extract than in those that received placebo treatment (395.7 ± 53.5 *vs*326.7 ± 71.6, *P*= 0.09, Fig. [5](#RRS105F5){ref-type="fig"}A). This finding could indicate that the cells from the mice given placental extract had less damage because the intracellular ROS level was observed to be even higher in the cells from the non-irradiated healthy mice (421.8 ± 53.5). Furthermore, the mitochondrial ROS levels in cells from mice given placental extract did not differ from those that received placebo treatment (407.6 ± 63.25 *vs*378.3 ± 38.5, *P*= 0.36, Fig. [5](#RRS105F5){ref-type="fig"}B), and these levels were even higher in the cells from the non-irradiated healthy mice (441.4 ± 51.3). Although we did not examine the ROS levels immediately after irradiation, the slight increase of intracellular ROS and the comparable mitochondrial ROS levels in the cells of mice given placental extract indicated that the placental extract protected the bone marrow stem/progenitor cells against radiation injury, which was likely to be through mechanisms other than its well-known anti-oxidative bioactivity. Fig. 5.Intracellular and mitochondrial ROS in bone marrow cells. Bone marrow mononuclear cells were loaded with 10 µM H~2~DCFDA or 5 µM MitoSOX Red at 37°C for 30 min, and the intracellular ROS **(A)**and mitochondrial ROS **(B)**were detected by flow cytometry as the fluorescence intensity of cells. Representative histograms are shown in the upper panel, and the mean fluorescence intensity was quantitatively measured for statistical analysis (lower bar graphs). The data represent the mean ± SD for six separate experiments.

Placental extract did not decrease the plasma or urinary 8-OHdG levels {#s3e}
----------------------------------------------------------------------

The plasma 8-OHdG levels were very low in mice of both the Control and Placenta groups, without a significant difference (*P*= 0.15, Fig. [6](#RRS105F6){ref-type="fig"}A). The levels of urinary 8-OHdG did not differ between groups at 3 days, but was somewhat higher at 7 days after radiation in the mice given placental extract (*P*= 0.092, Fig. [6](#RRS105F6){ref-type="fig"}B). The reason for the high urinary 8-OHdG levels in the mice given placental extract was unknown. It could be related to differential damage of the kidneys between groups, and values of 8-OHdG adjusted for urinary creatinine are needed. Fig. 6.The levels of 8-OHdG in the plasma and urine. The plasma and urine were collected, and 8-OHdG levels were measured using an ELISA kit. **(A)**The 8-OHdG levels in plasma were very low and did not significantly differ between groups. **(B)**The urinary 8-OHdG levels did not differ between groups at 3 days, but showed a trend toward a higher value in the Placenta group than in the Control group at 7 days after the initiation of radiation and treatments. The data represent the mean ± SD for six separate experiments with duplicated assays.

Placental extract decreased inflammatory cytokines in the plasma {#s3f}
----------------------------------------------------------------

To further elucidate the protective mechanism of placental extract against radiation injury, we measured the levels of the inflammatory cytokines IL-6 and TNF-α in the plasma. We found that the levels of IL-6 and TNF-α in the plasma were both significantly decreased in the mice given placental extract in comparison with the mice that received placebo treatment (*P*\< 0.05 and 0.01, respectively, Fig. [7](#RRS105F7){ref-type="fig"}), thereby demonstrating the anti-inflammatory activity of the placental extract. Fig. 7.Inflammatory cytokines in plasma. The levels of the inflammatory cytokines IL-6 **(A)**and TNF-α **(B)**in the plasma were measured by ELISA. Both IL-6 and TNF-α were significantly decreased in mice given placental extract when compared with mice that received placebo treatment. The data represent the mean ± SD for six separate experiments with duplicated assays.

DISCUSSION {#s4}
==========

In this study, we demonstrated that the oral administration of a placental extract to mice after high-dose ionizing radiation exposures significantly increased the numbers and colony-forming capacity but decreased the DNA damage of bone marrow-derived stem/progenitor cells. However, the mechanism of the protective effect for acute radiation injury is likely to be related to anti-inflammatory activity rather than the well-known anti-oxidative effect of placental extracts.

Beyond the direct induction of DNA double-strand breaks, increasing evidence indicates that exposure to ionizing radiation could trigger the release of ROS and inflammatory cytokines \[[@RRS105C15], [@RRS105C16], [@RRS105C29]\], which indirectly contribute to cell death and injuries through damaging signals. Placental extracts are known to consist of various components with anti-inflammatory and anti-oxidative properties, and the intake of placental extracts has been reported to be beneficial for many pathological conditions related to inflammatory and oxidative stress \[[@RRS105C7]--[@RRS105C13], [@RRS105C30], [@RRS105C31]\]. Although previous studies have demonstrated that the administration of antioxidants can attenuate radiation injury during both the acute and chronic phases, the protective effect and relevant mechanisms of placental extracts for radiation injury are not well documented.

By exposing mice to1 Gy of γ-rays daily for 5 days, we confirmed that the intake of placental extract immediately after each exposure significantly improved the number and colony-forming capacity of bone marrow-derived stem/progenitor cells, suggesting a protective effect of placental extract for radiation injury. However, the administration of placental extract did not decrease the levels of intracellular or mitochondrial ROS in bone marrow cells. Furthermore, the oxidative stress marker 8-OHdG did not significantly decrease in the plasma or urine of mice given placental extract when compared with those that received placebo treatment. Conversely, placental extract caused a non-significant increase in the ROS and urinary 8-OHdG levels at 7 days after the initiation of radiation and treatment (i.e. 2 days after the end of treatment). Although data at earlier time points and further in-depth analyses are needed, the mechanism of action of placental extracts for radiation injury seems to be more complex than the result of simple anti-oxidative activity.

Interestingly, the intake of placental extract significantly decreased the levels of two major inflammatory cytokines, IL-6 and TNF-α, in the plasma of mice exposed to radiation, suggesting that the protective effects of placental extracts for radiation injury may be associated with anti-inflammatory activity. In fact, the cytokine response to radiation exposure has been widely recognized since the first report by Talas *et al.*\[[@RRS105C32]\]. A multitude of cytokines respond within a few hours of exposure to radiation, even at a minimally toxic dose \[[@RRS105C29], [@RRS105C32]--[@RRS105C37]\]. Furthermore, cytokine responses induced by ionizing radiation might vary with the dose of radiation and the types of cells/tissues \[[@RRS105C33], [@RRS105C34]\]. However, the details of systemic and local (i.e*.*bone marrow) cytokine responses were not investigated in this study.

Placental extracts are prepared by various methods from human, bovine and porcine placenta as the raw material sources. Therefore, the components in placental extracts can be very complex and may differ widely among products. Previous studies have indicated that placental extracts consist of N-acetylneuraminic acid, glucosamine, omega-3 fatty acids, diverse fatty acids, and many other amino acids and nucleotides \[[@RRS105C1], [@RRS105C2]\] that exhibit anti-oxidative or anti-inflammatory properties \[[@RRS105C3], [@RRS105C4], [@RRS105C7], [@RRS105C10], [@RRS105C38]\]. We speculated that our product of porcine placental extract might also contain most of these components. However, we did not confirm the key factors and signaling pathways relevant to the inhibition of the inflammatory response after radiation in the present study. Although it is likely to be extremely difficult to identify the key molecular mechanisms of the protective effects of placental extracts for radiation injury, further studies are required to understand how placental extracts can change the levels and patterns of cytokines released after radiation.

A number of studies have reported that dietary antioxidants can effectively protect against radiation injury, including the improvement of survival, reduction of cell apoptosis, and attenuation of oxidative stress \[[@RRS105C17]--[@RRS105C20]\]. Antioxidants have also been found to increase the number and colony-forming capacity of hematopoietic stem cells \[[@RRS105C18], [@RRS105C19]\]. Furthermore, antioxidants have been found to decrease ROS levels in cells to mitigate radiation injury \[[@RRS105C18]\]. However, in the present study, the ROS in bone marrow cells were detected at a higher level in mice given placental extract than in those that received placebo treatment. We also found that placental extract decreased the levels of inflammatory cytokines in plasma, which has not been reported in previous studies using antioxidants. Although further experiments are required, the mechanisms of radiation protection might differ between antioxidants and placental extracts. Because the dose of radiation and timing of experimental assessments in the present study were completely different from the previous studies, it is impossible to compare the protective efficacy between placental extracts and antioxidants for radiation injury.

This study has a number of limitations. First, the dosage selected in this study was based on past experimental studies and the daily dosage suggested by the extract manufacturer. Therefore, the dose dependency of the protective effects of placental extracts remains unknown. Second, the benefit of placental extracts on radiation injury should be confirmed with other radiation doses and animal models. Furthermore, a head-to-head comparison of placental extracts vs other chemical compounds that have been demonstrated to protect against radiation injury (with respect to their action on antioxidants) is critical.

In summary, we demonstrated that placental extract effectively attenuated acute radiation injury of bone marrow-derived stem/progenitor cells in a mouse model. This protection was likely associated with inhibition of the inflammatory response after radiation. Although our results need to be confirmed in humans, they indicate that placental extracts may be beneficial for radiation-induced injury.
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